In the present study, a sample of 88 animals belonging to four local (Modicana, Sarda, Sardo-Bruna and Sardo-Modicana) and one cosmopolitan (Italian Brown Swiss) cattle breeds were genotyped with a medium density SNP beadchip and compared to investigate their genetic diversity and the existence of selection signatures. A total of 43 012 SNPs distributed across all 29 autosomal chromosomes were retained after data quality control. Basic population statistics, Wright fixation index and runs of homozygosity (ROH) analyses confirmed that the Italian Brown Swiss genome was shaped mainly by selection, as underlined by the low values of heterozygosity and minor allele frequency. As expected, local cattle exhibited a large within-breed genetic heterogeneity. The F ST comparison revealing the largest number of significant SNPs was Sardo-Bruna vs. Sardo-Modicana, whereas the smallest was observed for Italian Brown Swiss vs. Sardo-Modicana. Modicana exhibited the largest number of detected ROHs, whereas the smallest was observed for Sardo-Modicana. Signatures of selection were detected in genomic regions that harbor genes involved in milk production traits for Italian Brown Swiss and fitness traits for local breeds. According to the results of multi-dimensional scaling and the admixture analysis the Sardo-Bruna is more similar to the Sarda than to the Italian Brown Swiss breed. Moreover, the Sardo-Modicana is genetically closer to the Modicana than to the Sarda breed. Results of the present work confirm the usefulness of single nucleotide polymorphisms in deciphering the genetic architecture of livestock breeds.
Introduction
Bovine domestication occurred presumably about 8-10 thousand years ago in southwest Asia (Zeder 2017) . This process led to the zebuine and taurine breeds (Loftus et al. 1994; Upadhyay et al. 2016) , both derived from the extinct wild aurochs (Bos primigenius) that spread through Europe and Africa in successive waves of migration. With domestication, cattle acquired a large variety of distinctive traits compared to their wild ancestors; for example, they became smaller in size and developed the capacity to adapt to various environments. During the Neolithic revolution, cattle accompanied human migrations and crosses between individuals of different ethnic groups generated a gene flow that changed the genetic makeup of their populations .
The continuously increasing demand for work, milk and meat has enhanced between-population differences over the centuries. In particular, changes in the farming systems, intense implementation of artificial selection, crossbreeding and widespread use of artificial insemination that occurred in the last decades resulted in a huge genetic improvement of a few highly specialized cattle breeds. However, as a consequence, within-breed genetic variability has been seriously constrained in these populations (Brotherstone & Goddard 2005) . Biodiversity has been drastically endangered, and a relevant reduction in the number of farmed cattle breeds has been observed, leading to the extinction of many local breeds. Indigenous populations, better suited to extensive farming but not very productive, often have been abandoned in favor of highly productive breeds (Scherf 2000; Medugorac et al. 2009 ).
Concerns about climate changes, ethical issues and evolution of consumer needs, including ecosystem services and landscape protection, are leading to sustainable livestock farming systems. Such an evolving situation seems to offer new opportunities for indigenous breeds because of their strong linkage to the production area, large genetic variability and great fitness. Local breeds are now considered as important reservoirs of resilience and biodiversity (Giovambattista et al. 2001) . Their genomes represent an ideal model for studying and understanding the evolutionary history of livestock species, an essential goal for evolutionary biology and population genetics. Moreover, local breeds represent a source of income in marginal areas (Ruto et al. 2008 ) and a chance to respond to the environmental changes (Medugorac et al. 2009 ). Their typical products support sustainable development of the rural environment and respond to new consumer demands for healthy foods.
In Italy there is particular attention paid to biodiversity due to the high number of native animal and plant populations distributed throughout the country (Maiorano et al. 2007) . Seventeen indigenous cattle breeds have been officially recognized by the Italian Ministry of Agriculture. Of particular interest is the situation of four cattle breeds farmed in extensive traditional systems on the two main Italian islands: Sicily and Sardinia. The Sarda (SAR) breed has been present on Sardinia since about 3000 years BC. It originated from western Mediterranean cattle populations (mainly from the Iberic peninsula) with influences from North African and Middle East breeds (Della Maria 1936; Brandano et al. 1983a) . At the end of the 19th century, crossbreeding with Brown Swiss bulls imported from Switzerland and Modicana (MOD) bulls imported from Sicily was carried out to improve the aptitude of SAR to draught, milk and meat production respectively. These crosses have led to the current Sardo-Bruna (SB) and Sardo-Modicana (SM) breeds. The three Sardinian breeds were officially recognized in 1985 with the establishment of the herd book. The current population size, based on the number of animals recorded in the herd book, is 25 315 and 923 herds for SAR, 2822 and 150 herds for SM and 33 662 and 1426 herds for SB (www.aia.it).
The Modicana Herdbook was established in 1952. Currently, there are 5209 animals recorded in the herd book, farmed in 235 herds (www.aia.it). An early genetic characterization of these breeds was carried out using morphologic measurements (Brandano et al. 1983b) , milk and blood protein polymorphisms (Brandano et al. 1983c) . Recently SM and MOD were compared in a study on coat color genetic determinism using the melanocortin 1 receptor gene (Guastella et al. 2011) , and the distribution of runs of homozygosity (ROH) was studied in MOD by Mastrangelo et al. (2016) .
The SAR, MOD and BSW (Italian Brown Swiss) breeds can be considered as founder breeds and SB and SM as derived breeds. In this work, a comparison between the five breeds was carried out using a medium density (50K) SNP panel to investigate the genetic diversity and in particular to assess the extent of diversity between pure breeds and derived crosses. Moreover, gene discovery was performed in the genomic regions that exhibited differences between breeds.
Materials and methods

Animals and genotypic data
A total of 88 animals of five different breeds were genotyped in outsourcing with the Illumina BovineSNP50 BeadChip: n = 22 BSW, n = 27 MOD, n = 19 SAR, n = 10 SB and n = 12 SM. Genomic DNA was obtained from blood samples for SB, MOD and SM and from nasal swabs for SAR, using the NucleoSpin DNA Rapidlyse Kit (Macherey-Nagel), according to manufacturer's instructions. For BSW animals, genotype data were generated within the SELMOL research project using the Genomix Kit (Talent). Animals of local breeds were randomly sampled from different herds located in various areas of Sardinia and Sicily. Given the difficulty in gathering large samples from local breeds, criteria used in the present work to include animals in the analysis were absence of relatedness, distribution in the territory, morphological appearance and information based on farmer interviews.
Because BSW animals were genotyped using the Illumina BovineSNP50 v1 BeadChip, in contrast to the other genotypic data (using the Illumina BovineSNP50 v2 BeadChip), common markers were retained and remapped on the UMD 3.1 release of the bovine genome assembly. Only autosomal SNPs were considered. Quality control was performed with PLINK 1.9 (Purcell et al. 2007) . Animals with a call rate greater than 95% were retained. SNP selection was based on call rate (>97.5%), minor allele frequency (MAF > 0.05) and significant deviation for Hardy-Weinberg equilibrium (P < 0.00001). After quality control, 43 012 common SNPs between the two BeadChip versions were retained. Missing genotypes were imputed using BEAGLE 4 (Browning & Browning 2016 ).
Heterozygosity, minor allele frequency and linkage disequilibrium
Heterozygote count (HET) and MAF were calculated for each SNP separately by breed using PLINK 1.9. Linkage disequilibrium (LD) between markers was calculated within a 1000-kb distance (McKay et al. 2007 ) using HAPLOVIEW (Barrett et al. 2005) .
Multi-dimensional scaling and admixture analysis
A multi-dimensional scaling (MDS) plot and admixture analysis were performed using the ZANARDI pipeline (Marras et al. 2016 ) and the GGPLOT2 R package (Wickham 2009 ). In MDS analysis, a principal components (PC) analysis is performed on the genomic correlation matrix G, and PC scores are calculated for each individual. To confirm the animal classification in five different breeds, the K parameter of admixture was fixed at 5.
Wright fixation index and LOWESS
Ten pair-wise comparisons were performed using the Wright fixation index (F ST ), calculated using the equation proposed by Nei (1977) :
where H T is the observed total heterozygosity and H S is the observed heterozygosity in each population. For the F ST calculation, an in-house Python script was used. To simplify the graphic interpretation of raw F ST data, a Locally Weighted Scatterplot Smoothing (LOWESS) procedure was used (Pintus et al. 2014) . LOWESS is a local smoothing regression in which the space of the independent variable (in this case the progressive order of adjacent SNPs along the chromosome) is fragmented into different intervals for which separate regressions are fitted. The method is aimed at removing noise from raw data and improving graphical representation. A smoothing parameter corresponding to an interval of 20 SNPs for each local regression was used.
A common problem when interpreting genetic difference metrics is the lack of proper statistical tests. Some authors have proposed to fix a threshold based on the Fst distribution (Kijas et al. 2012; Pintus et al. 2014) . Although the distribution of raw F ST values tends to be skewed, LOWESS smoothed values could be considered approximately normally distributed. Thus, the significance threshold in the present work was set to three standard deviations from the mean. Such a stringent threshold was adopted considering the limited sample size.
Runs of homozygosity
Runs of homozygosity (ROH) were detected using the ZANARDI pipeline. Some constraints were fixed in order to limit the number of spurious ROH segments (Marras et al. 2015) : the minimum length of ROH was set at 1 Mb, homozygous segments of a minimum of 15 SNPs were considered and neither heterozygous or missing genotypes were allowed. The following ROH statistics were calculated by animal and by breed: number of ROH, average ROH length (in Mb) and sum of all ROH segments by animal (S ROH , in Mb). ROH were grouped into five classes of length (1 to ≤2 Mb, 2 to ≤4 Mb, 4 to ≤8 Mb, 8 to ≤16 Mb and >16 Mb).
The ROH-based inbreeding coefficient (F ROH ) for each animal was calculated as
where L gen is the total length of genome. The minimum length of ROH to be included in the calculation was fixed at 8 Mb based on previous reports in cattle (Marras et al. 2015) . Moreover, the ROH count per SNP (SNP ROH ), that is the number of animals having a given SNP included in a ROH (Nothnagel et al. 2010) , was calculated. A threshold of 50% was fixed to consider a SNP ROH value as significant.
Gene discovery
Gene discovery was performed in regions flagged by F ST values exceeding the control chart upper limit. Intervals spanning 0.25 Mb upstream and downstream of the significant marker were considered. Moreover, regions identified by ROH distribution were studied. In particular, markers having SNP ROH > 50% within a breed were considered significant and the region spanning 0.25 Mb upstream and downstream surrounding them was investigated. Annotated genes were retrieved from the UCSC Genome Browser Gateway (http://genome.ucsc.edu/) and the National Center for Biotechnology Information (NCBI) (www.ncbi.nlm. nih.gov) databases.
Results
The HET and MAF values showed little variation among the five considered breeds (Table 1) . BSW showed the lowest values for both HET and MAF, whereas MOD and SAR exhibited the largest values for these parameters. A clear distinction between the breeds could be observed along the first axis (PC1) of the MDS plot (Fig. 1) . In particular PC1, which explains about 5.4% of the total variance, depicts a geographic cline: starting from the bottom of the graph there are individuals from BSW (origin from Switzerland, north of Italy), then SAR and SB (center of Italy) and, at the top, SM and MOD (native of Sicily, southern Italy). Furthermore, it can be seen that along this dimension the SM breed is more similar to MOD than to SAR. The second axis (PC2), explaining about 3% of the total variance, highlights a separation within the SAR breed. PC2 seemed to be able to discriminate among animals according to the percentage of SAR genetic contribution: an increase in PC2 scores indicates the passage from the SAR purebred to crosses and then to MOD and BSW breeds. Population structure analyzed by admixture (Fig. 2) revealed a clear definition of BSW animals (95% assigned to a single cluster, depicted in red) and was less precise for MOD and SAR (90% and 93% respectively, assigned to two different clusters). Finally, the derived breeds were also grouped into two distinct clusters (70% for both SB and SM cattle). The LD pattern (Fig. 3) shows the lowest value for MOD and the highest for BSW and SB. The F ST comparison with the largest number of significant SNPs was SB vs. SM, whereas the smallest was observed for BSW vs. SM (Table S1 ). Manhattan plots of F ST predicted by LOWESS for the comparisons between pure breeds and crosses are shown in Fig. 4 . It can be observed that the highest F ST values between BSW and SB were found on BTA6 (Fig. 4a) , with the top significant markers (Table S2 ) located between 38.20 and 38.83 Mb. In this region, some known genes controlling milk production traits (ABCG2, PKD2, SPP1 and LAP3) and body size (NCAPG and LCORL) in cattle are mapped.
In the SAR vs. SB comparison, BTA8 and BTA13 showed the highest F ST peaks (Fig. 4b ) with seven and three significant markers respectively (Table S2) . Located in the region highlighted on BTA8 was microRNA2471 (MIR2471), whereas in the highlighted segment of BTA13 the eukaryotic translation initiation factor 6 (EIF6) gene is annotated.
SAR and SM were different mainly on BTAs 7, 14 and 21 (Fig. 4c, Table S2 ). An interesting gene retrieved from the database was ubiquitin protein ligase E3A (UBE3A), which maps to the region between 2.1 and 2.3 Mb of BTA21.
As far as the comparison between SM and MOD is concerned (Fig. 4d) , the highest values of F ST were found on BTAs 5, 16 and 20 (Table S2 ). On BTA20, the region from 70.9 to 71.7 Mb presents a QTL associated with milk somatic cell score. Moreover, this segment contains several annotated genes, among which of interest is the solute carrier family 9 member A3 (SLC9A3).
Finally, for the SM vs. SB comparison the highest F ST values were detected on chromosomes 7 and 24 (Fig. 4e , Table S2 ). On BTA7, five significant markers defined a region (47.2-47.3 Mb) where the transcription factor 7 (TCF7) gene maps. The total number of detected ROH (Table 2) exhibited a large variation between breeds, with MOD and SM having the largest and smallest values respectively. BSW had the largest average ROH length, even if together with a huge variability, as evidenced by the standard deviation value (Table 2 ). This breed had also the highest average number of SNPs per ROH (Table 2) . On the contrary, MOD showed the lowest values for both statistics. As expected, the most represented ROH classes in all breeds was that of length <4 Mb (relative frequency ranging from 0.736 in BSW to 0.868 in MOD and SM). The largest number of ROH in the class of highest length (>16 Mb) was observed in BSW, and it was markedly larger than in all the other considered breeds ( Table 2) .
The ROH count per SNP showed some interesting peaks along the genome. The highest peak was observed on BTA6 for BSW at approximately 30-40 Mb (Fig. 5a ). In this region several known genes, such as ABCG2, SPP1, LCORL and NCAPG, are mapped. BSW exhibited another signal between 10 and 30 Mb on BTA20 (Fig. 5b) . Moreover, BTA1, BTA10 and BTA11 showed interesting signals of SNPs in homozygosity for over 50% of the animals. In particular, BSW showed a SNP ROH peak on BTA1 (Fig. 6a ) between 103.5 and 105.5 Mb. On the same chromosome, a peak was detected for MOD at 139.0 Mb. On BTA10, an interesting homozygous region was observed in the SAR breed between 72.2 and 72.8 Mb (Fig. 6b) . Dehydrogenase/ reductase 7 (DHRS7) is one of the genes that map to this region. Finally, SB showed a relevant value of SNP ROH on BTA11 (Fig. 6c ) between 65.0 and 67.0 Mb, where the ETAA1, ATR kinase activator (ETAA1) gene has been annotated.
BSW exhibited also the largest average F ROH (Table 3) , whereas the smallest value was observed in SM.
Discussion
The practice of crossbreeding represents a major cause of gene flow across cattle populations, providing a relevant contribution to the shaping of current worldwide breeds. The history of the SAR breed and its crosses with MOD and BSW represents a typical example. Results of the present study confirm the genetic relationships among the considered breeds. The admixture analysis (Fig. 2) clearly detected the five different genetic groups, highlighting the genetic background of the crossbred-derived population in comparison with the original purebreds. Furthermore, the analyses of the genome features with different approaches gave useful insights into the effects of selection and environmental adaptation on the cattle genome.
A first indication was provided by basic population statistics. The lower genetic variability exhibited by BSW in comparison with the other two purebreds, SAR and MOD, was expected due to the intense artificial selection this breed has been subjected to in the last decades (www.anarb. it). A low allelic diversity for BSW cattle in comparison with other cattle breeds has been already reported (Schmid et al. 1999; Melka & Schenkel 2012) .
The genome feature analysis carried out using MDS decomposition and ROH detection highlighted an interesting structure of the sample of animals. The north-south geographical gradient highlighted by the first axis of the MDS is in agreement with several studies in which a dimension reduction method was applied to molecular data on populations from different geographical origins (Price et al. 2006; Chessa et al. 2009; Ciani et al. 2014) . Also, the variation of the ROH statistics and of the inbreeding coefficient F ROH exhibited the same cline. In particular, the average ROH length, the average number of SNPs per ROH and the F ROH showed an increase moving from south to north. This gradient was also confirmed by the LD analysis (Fig. 3) . Purfield et al. (2012) found a higher number of ROH in cattle breeds of the British Isles compared to other European breeds and ascribed such a diversity to the closed population histories of these cattle. Results obtained in the present study may be due to a low effective population size of BSW and to the population history of SAR, MOD and their crosses. A geographical south-north gradient in ROH distribution also has been observed in human populations (Nothnagel et al. 2010) , and it has been explained with the most pronounced genetic isolation of northern populations compared to Mediterranean populations. The second axis of the MDS analysis highlights two clusters in the sample of SAR cattle (Fig. 1) . Previous studies on this population highlighted a large morphological heterogeneity (Brandano et al. 1983a) . Moreover, in the traditional extensive cattle farming system of Sardinia it is not very common to exchange bulls between herds, resulting in a high average relatedness of individuals within farm and a low degree of kinship among farms.
Different degrees of genetic relationships between original and derived breeds have been observed. The similarity between SM and MOD was quite expected (Fig. 1) . Although the first importation of MOD bulls from Sicily started at the end of the 19th century in the Montiferru area (north central Sardinia), it probably occurred again in more recent times and therefore the genetic component of purebred MOD is still preserved in current SM. On the other hand, the separation between SB and the two founder breeds-BSW and SAR (Fig. 1) -seems to indicate an absence of recent genetic exchange. The genetic history of the breeds is also depicted by other structural elements of their genome, such as their LD (Fig. 3) and the extent of regions of autozygosity (Figs 5 & 6) . The intensive genetic selection of BSW in comparison with the other investigated breeds resulted in the highest level of LD and in the largest values of all ROH statistics. These results agree with previous reports on this breed (Feren cakovi c et al. 2013; Marras et al. 2015) . In a previous study on the MOD breed, a smaller value of F ROH was reported (Mastrangelo et al. 2016 ) but using different ROH settings (i.e. minimum number of SNPs in a ROH equal to 40, minimum ROH length of 4 Mb, two missing SNPs allowed in a ROH etc.). Another interesting result is the distribution across individuals of specific ROHs, that is, a segment that starts and ends exactly in the same position. The largest ROH frequency was about 0.06 (Table 4) , and it can be seen that in general local breeds tend to share ROH whereas the autozygous segment detected on BTA6 can be found only within the BSW breed. In particular, the latter ROH flagged a region where several known genes affecting milk traits are located. These results confirm the role of ROH as indicators not only of inbreeding but also of signatures of selection (Marras et al. 2015; Kim et al. 2015) .
Signatures of selection were highlighted in the present study. Some of them flagged genome regions already detected in many studies on cattle. An example is represented by the markers exhibiting the largest F ST values in the BSW vs. SB comparison, all located in the region of BTA6 spanning 36-39 Mb, which harbors some known genes controlling milk production traits (ABCG2, PKD2, SPP1 and LAP3) (Cohen-Zinder et al. 2005; Olsen et al. 2005) and body size (NCAPG and LCORL) (Takasuga 2016) (Table S2 ). This region was also flagged by a significant value of ROH count per SNP in BSW.
Two other well-known selection signatures were detected in BSW on BTA6 (Fig. 5a ) by significant SNP ROH values (>50%). The first was located at around 70 Mb, where the KIT proto-oncogene receptor tyrosine kinase (KIT) locus maps. This gene is involved in mammalian coat color determination (Fontanesi et al. 2010; Stella et al. 2010) . The second signature of selection, at around 85 Mb, identified the caseins cluster (Blott et al. 2003) . Another interesting peak value of SNP ROH was found on BTA20 (14-25 Mb) (Fig. 5b) in a region where a large QTL associated with milk protein percentage was reported (Ashwell et al. 2004) . Among the several genes that map in this region, of interest is the importin 11 (IPO11) locus. This gene has been found to be associated with the displacement of the abomasum in the German Holstein cattle breed (M€ omke et al. 2013) .
Interestingly, the F ST pairwise comparison between SAR and SB did not detect SNPs located in genomic regions known to contain genes associated with milk production traits. These results, together with the pattern highlighted by the MDS, confirm that the current SB breed is closer to SAR than to BSW, probably due to backcrossing.
Of interest are the signatures of selection found in the comparisons between local breeds. Some of them include interesting genes that were found to be associated with fitness traits. In the comparison between SAR and its derived SB, the seven highly significant SNPs found on BTA8 between 40.4 and 40.6 Mb (Fig. 4b) identified a region where microRNA2471 (MIR2471) maps. In animals, microRNAs are molecules involved in diverse biological processes such as development, cell differentiation, proliferation and metabolism. They are among the major post-transcriptional regulators of gene expression through promoting mRNA degradation or translational repression (Glazov et al. 2009; Guo & Lu 2010; Meunier et al. 2013) . Recently, they have been found to be essential for the regulation of immune response (Xiao & Rajewsky 2009 ). The highest peak of F ST comparison between SAR and the other derived breed, SM, was detected on BTA14 (Fig. 4c , Table S2 ) in a region where the gasdermin C (GSDMC) locus maps. This gene has been associated with UV-protective eye pigmentation in Fleckvieh cattle (Pausch et al. 2012) . Another peak was located on BTA21, between 2.1 and 2.3 Mb, where the UBE3A gene is annotated. This locus has been associated with calving ease in cattle (Pausch et al. 2011; M esz aros et al. 2016) . This trait very often represents a distinguishing feature in indigenous breeds that are reared mainly in extensive and semi-extensive systems (Boggio et al. 1998) .
Other genes detected in the local breeds are related to milk production traits and fatty acid metabolism. Among genetic differences found between SM and MOD, of interest is the region located on BTA20 from 70.9 to 71.7 Mb. Among the annotated genes worth mentioning is SLC9A3, involved in rumen sodium transport (Rabbani et al. 2011) . A high Na 2+ tissue concentration improves milk production in warm/humid conditions (Granzin & Gaughan 2002 Number of individuals that possess the specific ROH across breeds. maps. Recently, this locus was associated with milk production in Chinese Holstein (Mao et al. 2015 ). An interesting candidate gene highlighted by SNP ROH in the SAR breed on BTA10 is the DHRS7 locus, which is involved in catalyzing the oxidation/reduction of a wide range of substrates, including retinoid and steroids (Haeseleer & Palczewski 2000) and which has high expression levels in adipocytes and skeletal muscles. In addition, this gene is responsible for the final step in cholesterol production (Porter 2000) . This gene already has been associated with intramuscular fat deposition and composition in Nellore cattle (Cesar et al. 2014) . Finally, another signature of selection that included a gene involved in fatty acid metabolism was found in the SAR vs. SB comparison (three significant markers on BTA13 between 65.1 and 65.2 Mb) (Fig. 4b) . This region harbors the EIF6 locus, which controls fatty acid synthesis and glycolysis in tissues responsive to insulin such as adipose and muscle tissues.
Conclusion
Results of the present work confirm the usefulness of genome structural features in deciphering the genetic architecture of livestock breeds. The different approaches used to explore medium density SNP genotypes gave a comprehensive picture of genetic relationships between the three original and two derived breeds, reflecting their recent genetic history. As expected, larger heterogeneity was highlighted for the local breeds. Signatures of selection located in genomic regions harboring candidate genes for milk production traits were detected in the comparisons involving the specialized BSW breed, whereas for local breeds the flagged genes were involved in fitness and fatty acid metabolism. The study confirmed the importance of these populations as reservoirs of biodiversity and as models for studying the genetic basis of adaptability.
